ABSTRACT -The formulation development for poorly soluble drugs still remains a challenge. Supersaturating drug delivery systems (SDDS) or drug delivery systems based on supersaturating provide a promising way to improve the oral bioavailability of poorly water-soluble drugs. In supersaturable formulations, drug concentration exceeds the equilibrium solubility when exposed to gastrointestinal fluids, and the supersaturation state is maintained long enough to be absorbed, resulting in compromised bioavailability. In this article, the mechanism of generating and maintaining supersaturation and the evaluation methods of supersaturation assays are discussed. Recent advances in different drug delivery systems based on supersaturating are the focus and are discussed in detail.
INTRODUCTION
Currently, with the development of combinatorial chemistry and high-throughput screening, it is estimated that 25% -40% of the drug substances and almost 70% of the potential drug candidates exhibit poor solubility characteristics, which creates a problem with slow absorption and low bioavailability (1, 2) . The formulation development for poorly soluble drugs (PWSD) still remains a challenge (3) .To improve the solubility and dissolution patterns of these PWSD, several attempts have been reported, including crystal modification, amorphization, cyclodextrin complexes, and solid dispersions (SDs) (4) (5) (6) (7) .
According to the Noyes-Whitney equation, solubility is one of the major driving forces of dissolution. However, because the absorption of a drug in the gastrointestinal tract is limited not by the equilibrium solubility but by the fraction dissolved, the traditional solubilization methods that can only increase the equilibrium solubility cannot facilitate cell permeation (8) . The formulation development for PWSD plays a major role in determining the rate and extent of absorption of such drugs from the gastrointestinal tract (9) . More and more results have shown that the drug could exist in a state of solution at a concentration above their saturation solubility, that is, supersaturation (10) . The transmembrane transport effect of the drugs in supersaturation, as discovered by Higuchi, was initially and widely investigated in the field of transdermal drug delivery (11) (12) (13) (14) . With further understanding, it was found that the drug concentration of the supersaturable formulations always exceeds the equilibrium solubility when exposed to gastrointestinal fluids (10, 15) . It was first proved by Frank et al. that the supersaturated (highly dissolved and dispersed) state of a drug could significantly increase the Caco-2 cell permeation of poorly water-soluble drugs (16) . Accordingly, the supersaturating drug delivery systems (SDDS) or drug delivery systems based on supersaturating, which contain the drug in a high energy form of supersaturation, provide a promising way to improve the oral bioavailability of the poorly water-soluble drugs (10, 17, 18) . The point of the poor solubility problem is now shifting from formulating to further basic understanding of the supersaturation mechanism. Therefore, it is important and necessary to provide an update on the recent advances on this topic. In this article, recent advances in drug delivery systems based on supersaturation are reviewed. _________________________________________ We will discuss the mechanism of generating and maintaining supersaturation and illustrate the precipitation inhibitors with examples. Next, methods of evaluating supersaturation assays will be discussed. Finally, different drug delivery systems based on supersaturating, such as solid dispersions, supersaturated self-emulsifying drug delivery systems, non-inclusion complexes of cyclodextrin, nanodrugs, and others will be the focus and are discussed in detail.
Mechanism of supersaturation
For SDDS, the degree of supersaturation is the driving force of drug precipitation, and the higher is the degree of supersaturation, the easier the precipitation. The degree of supersaturation is always expressed by the supersaturation ratio S:
eq
(1) where C is the drug concentration and Ceq is the equilibrium solubility. Additionally, the relative supersaturation index σ could be used to express the supersaturation:
σ S 1 eq eq (2) S and σ, solutions that are unsaturated, saturated or supersaturated can be defined as S < 1 (σ < 0), S=1 (σ = 0), or S > 1 (σ > 0), respectively (10) . Additionally, the bioavailability improvement mechanisms of the acidic and basic drugs are different. For poorly water-soluble acidic drugs, the enhancement of in vivo performance is due to the redissolving of the amorphous form in the stomach during transit to the more neutral environment of the duodenum (19) . For poorly water-soluble weakly basic drugs, the self-association of a stable supersaturated drug solution in an acidic aqueous solution can increase its oral absorption by supersaturation and precipitation resistance at the intestinal pH (20) .
Spring and parachute theory
To improve oral absorption of PWSD, two essential steps need to be considered: generation and maintenance of the metastable supersaturated state. The "spring and parachute" theory, which was proposed by Guzmán, is widely used to describe the state as illustrated in Fig. 1 (21) . The high energy supersaturated form (as compared to the crystalline powder) is thermodynamically unstable and has a tendency to precipitate and crystallize, that is, the "spring". However, if the supersaturated state in the gastrointestinal tract is maintained long enough, it could increase drug absorption and then improve oral availability. The precipitation inhibitors ("parachutes") are commonly used to maintain a high concentration and inhibit drug precipitation for an extended period of time (10, 21) .
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Figure. The abovementioned patterns were confirmed in several reports. For amorphous systems, the supersaturation generation showed nonlinear rate profiles, which displayed excessively high initial supersaturation followed by a rapid decrease in drug concentration owing to supersaturation-induced precipitation and the drug-polymer-water interaction (22) (23) (24) .
Compared with traditional solubilized formulations (emulsified oil, mixed micelles, etc.), the supersaturation drug delivery system is a type of dispersion at the molecular level. Although it is difficult to distinguish solubilization and supersaturation in the solution completely, a lot of research results show that supersaturation plays an important role in improving bioavailability (25). The differences in the two systems are summarized in Table 1 (10, 26, 27) .
Precipitation inhibitors
To inhibit drug precipitation and maintain the metastable supersaturation state, and thus improve oral bioavailability, precipitation inhibitors (PIs) are commonly needed and considered to be the key factors in the development of SDDS. The precipitation inhibition mechanism of the PIs is interfering with the nucleation and crystal growth process of the drug though thermodynamics or kinetics. The thermodynamic process is mainly to improve the solubility of the drug so as to reduce the degree of supersaturation and slow the rate of nucleation and crystal growth. The dynamic process is mainly to inhibit crystal nucleus formation or crystal nucleus growth in the supersaturated state (10, 15) .
The commonly used different types of PIs include polymers, surfactants, and cyclodextrins (CD), among others. Of these PIs, polymers such as HPMC, HPMCAS and PVP are commonly used and mainly act through the above-mentioned dynamic process (15, 28) . The precipitation inhibition mechanism at high and low degrees of supersaturation is different, that is, inhibiting the growth of crystallization and inhibiting the aggregation of the crystallization surface, respectively (29).
The types of PIs always affect the degree of supersaturation. The commonly used HPMC is believed to inhibit precipitation with greater hydrogen bonding interactions, thereby maintaining a supersaturated solution over an extended period of time (15, 17) . However, for tacrolimus SD, the types of PIs have little effect on the degree of the supersaturation but affect the maintenance time of the supersaturation (30). Moreover, the conformation of a polymer adsorbed to a crystal surface has an effect on crystal growth inhibition. For instance, the differences in the conformation of HPMCAS adsorbed to felodipine at pH 3 and pH 6.8 are significant. The globule formation at pH 3 might leave many crystal nucleus growth sites open and thus reduce the crystallization inhibition effect (31).
Up to now, the mechanism through which the PIs inhibited drug crystallization was not fully clear, although many instrumental analysis methods such as powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC), and Fourier transformed infrared spectroscopy (FTIR) have been used to study the interaction of drugs and PIs. The known mechanisms include hydrogen bonding and hydrophobic interaction, space steric hindrance, polymer solution viscosity, and others (15) . Poorly soluble weak bases typically exhibit high solubility under fasted gastric conditions. The in vitro pH-effect of the weak base was correlated linearly with the clinical pH effect based on the C max ratio and had a non-linear relationship based with the AUC ratio. Thus, a method to systematically assess the risk of a clinical pH effect for new molecular species is needed (34). The supersaturation and precipitation during the fasted state of gastric emptying may have an essential influence on oral drug absorption and thus on in vivo drug performance, such as that seen with cinnarizine with moderate permeability (35). Additionally, the in vitro conditions (dispersive versus digestive) largely influence the solid-state properties of precipitating weak bases (36). For dipyridamole, the supersaturation ratios are up to 11-fold, and the supersaturation state has been maintained for up to 120 min. Moreover, the crystal growth, rather than nucleation, is the rate-limiting step for the precipitation of the drug (37). For ketoconazol (BCS 2), because the high luminal concentration caused by supersaturation saturated the metabolic enzymes, the correlation of in vitro dissolution and in vivo absorption was poor (32).
To improve the predictability of the in vitro model, running the dissolution at a higher paddle speed, for a longer duration or in a non-sink condition was recommended (38). Reviews by Kostewicz described the in vitro models for the prediction of in vivo performance of oral dosage forms. A novel miniscale biphasic dissolution model with pH shift was reported and was superior to a single phasic dissolution in predicting in vivo precipitation of dipyridamole (39). Additionally, in vitro lipolysis is widely utilized for predicting in vivo performance of oral lipid-based formulations (LBFs) (40, 41). However, it is worth noting that the in vitro performance is not always reproduced in vivo independent of the initial physical state of the drug. In a continuous absorption environment, the drug supersaturation was considerably lower compared to in vitro lipolysis (non-sink), which was beneficial for predicting LBF performance in vivo (42). Therefore, a combination of physico-chemical measurements, in vitro tests, in vivo methods, and physiology-based pharmacokinetic modeling is expected to create a knowledge platform (33, 43).
Despite several efforts made in studies of precipitation inhibitors and supersaturable formulations, little is known about the mechanistic aspects of inhibition, especially at the molecular level (15) . The determination of drug concentration in a supersaturated solution is still a problem (44). At present, the centrifugation or membrane filtration methods (including 0.22-µ m or 0.45-µm membranes) are commonly used. Because of the existence of the cosolvent or the solubilizer, the determined drug concentration is a more micellized drug or drug compound, rather than the drug at the molecular level. The effective method to distinguish them has been insufficient until now (10) .
Recently, novel instrumental analytical methods have been used to study the mechanism of precipitation inhibition in vitro, such as synchrotron radiation (8), in situ Raman spectroscopy (45), NMR (46), turbidity and supernatant microplate assay combinations (47), and pulsatile microdialysis (44). These technologies could be helpful for studying the mechanism of inhibition, especially at the molecular level.
In addition to the in vitro dissolution models, the intestinal supersaturation and enhanced absorption were confirmed in vivo (human) by intraluminal sampling of duodenal fluids upon oral intake of an abiraterone acetate tablet by healthy volunteers (48). However, the multitude of interactions between drugs, formulation factors and the gastrointestinal environment, combined with the highly fluctuating intraluminal environment, make it challenging to interpret gastrointestinal concentration-time profiles. The combination of simultaneous systemic concentration assessment further helps to identify those processes, determine the rate and/or extent of absorption, and assess inter-individual variability (49).
Recently available drug delivery systems based on supersaturating
In recent years, to improve the in vitro dissolution and in vivo bioavailability, the application of supersaturating drug delivery systems is attracting increasing attention (50). The key factors in the development of SDDS are the generation and maintenance of the supersaturation state. The recent progress in different types of drug delivery systems based on supersaturation is shown in Fig. 2 and discussed below.
Solid dispersions
Solid dispersions (SDs) have been most extensively studied in the SDDS research field, which is the combination of a rapidly dissolving and supersaturating "spring" with a precipitation retarding "parachute". Dispersing amorphous or microcrystalline drugs into one or several hydrophilic carriers (such as PVP, PEG, methyl acrylate, cellulose derivatives, inulin, etc.), which is shown in Fig. 3 , can improve the dissolution rate or produce controlled-release by increasing the supersaturated drug concentration (51, 52). With the increase in FDA approval of products based on SD technology, SDs are being used with increasing frequency for poorly soluble pharmaceutical compounds in development (53, 54). A review by Newman discusses the methods of preparation and characterization of SDs with an emphasis on understanding and predicting stability (51). 
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Phase transition or separation
The supersaturated solutions generated by dissolution of some SDs can undergo a phase transition to a colloidal, disordered, drug-rich phase when the concentration exceeds the saturation solubility of the drug. It was found that highly supersaturated solutions of telaprevir underwent a glass-liquid phase separation (GLPS) with a glass transition temperature of 52 °C (55) . Raina found that a liquid-liquid phase separation (LLPS) phenomenon existed in a supersaturated solution after the dissolution test, and the upper limit level of the drug membrane transport was determined by the LLPS (56). The LLPS was also generated when danazol was added to aqueous media at concentrations above the amorphous solubility, and the addition of polymers greatly extended the lifetime of the supersaturated two-phase system (57) . Additionally, the amorphous SD formulations of a poorly water-soluble drug, MK-0364, exhibit characteristics of a single-phase glass, including an amorphous halo (58) . When the level of the precipitation inhibitor D-a-tocopheryl polyethylene glycol 1000 (TPGS 1000) is above 10%, the inclusion of TPGS 1000 in the PVPVA 64 carrier matrix will affect the dispersion of itraconazole at the molecular level, leading to the formation of drug clusters (59) . However, the results of the phase separation are different at the different dissolution stages. In the early stage of drug dissolution (1 h), this phase separation can promote drug dissolution due to the solubilization effect of TPGS1000. In the late stage of drug dissolution, the phase separation effect will lead, in contrast, to a drug precipitate (12) .
Factors influence supersaturation
The in vitro drug dissolution characteristics of SDs depend largely on the degree and maintenance time of supersaturation, which is determined by the formulation composition and preparation technology (53).
(1) Formulation aspects
The polymer type and drug/polymer ratio are very important for maintaining the stability of the supersaturated state. The degree of supersaturation increased significantly with increases in polymer content within the solid dispersion (60, 61) .
HPMC is a commonly used carrier in SDs. Of three different carriers (HPMC, PVP, and PEG6000), formulations containing HPMC maintained the longest supersaturated time. A pharmacokinetic study in beagle dogs showed that the C max and AUC of the HPMC formulation increased 10 times compared to the crystal drug (17) . Recently, Sporanox® (a type of capsule) has been used in the dispersion of itraconazole based on the supersaturation mechanism, which consisted of a sugar pill coated with the HPMC solid dispersion (26).
Among 41 types of precipitation inhibitors (including polymer and surfactant, carboxylic acid, etc.), the precipitation inhibitor effect of enteric polymer hydroxypropylmethylcellulose-acetate (HPMCAS) is the best (62) . Similar results showed that HPMCAS systems performed better than or at least comparably to PVPVA systems, regardless of the drug loading or dose (23). Additionally, site-specific delivery could be obtained using enteric polymer HPMCAS or Eudragit L 100-55 (63, 64) .
To obtain further stable supersaturated states, the combination of two polymers with drug-polymer interaction offers synergistic enhancement in amorphous stability and dissolution in ternary solid dispersions (65) . For example, in the Eudragit L system, Carbopol1 974P can be used as a stabilizer (66) . Other results have suggested that the Eudragit has the fastest in vitro dissolution pattern because of its high degree of supersaturation among the three PIs (PEG6000, PVP K30 and Eudragit) (67) . Valsartan-HPMC-poloxamer 407 nanoparticles using the supercritical antisolvent (SAS) process exhibited faster drug release (up to 90% within 10 minutes under all dissolution conditions) and higher oral bioavailability than the raw material, with an approximately 7.2-fold higher maximum plasma concentration (68) . With ternary solid dispersions of the drugs HPMCAS and hydroxypropylcellulose (HPCSSL), tailored release profiles with superior supersaturation over the applied pH-range could be obtained (64) .
Interestingly, besides the carriers, in a first-reported fixed dose combination of ritonavir and darunavir dispersible powders, it was found that the presence of darunavir always decreased the supersaturation level of ritonavir and vice versa, regardless of which polymer was used (69). (53, 72) . Solid-state structures of spray-dried dispersions showed a single-glass transition of a homogeneous mixture of drug/polymer. Forced aggregation of the polymer into regular micelle structures was found to be a critical factor in increasing the dissolution rate and supersaturation maintenance of spray-dried SDs (63) . Lyophilization is an alternative to develop rapid-dissolving formulations (73) .
Some other processing techniques were used to prepare SDs and produced positive results, such as the amorphization strategies (74), KinetiSol® Dispersing (KSD) (75), and others.
Supersaturated self-emulsifying drug delivery systems Traditional self-emulsifying drug delivery systems (SEDDS) will occasionally precipitate after administration due to the dilution effect of the fluid. The solubilization method is commonly used to avoid precipitating. However, the bioavailability improvement effects are limited because the solubilization cannot increase the amount of free drug, especially for some very poorly soluble hydrophilic drugs. A review by Dokania describes the limitations of SEDDS (such as in vivo drug precipitation, formulation handling issues, etc.), and the inclusion of polymers or other PIs within lipid-based formulations helps to maintain drug supersaturation after dispersion. Therefore, to reduce the amount of the surfactant and improve bioavailability, PIs are added to prepare the supersaturated self-emulsifying drug delivery systems (S-SEDDS) (76) .
S-SEDDS were first reported to improve the bioavailability of the poorly water-soluble antitumor drug paclitaxel (water solubility < 1 µg/mL) (77) . Compared with traditional SEDDS using emulsification and solubilization, the amount of the surfactant of S-SEDDS was lower with high supersaturation, which was maintained long enough for drug absorption. The results show that the addition of 5% HPMC can significantly inhibit the dilution effect of fluids in paclitaxel SEDDS, and the in vivo bioavailability in rat was increased 4.7 times more than Taxol® (78) . The supersaturatable formulation studies of drug candidates PNU-91325 and AMG 517 also obtained similar results (79, 80) .
To further improve the precipitation inhibition effect, supersaturatable self-microemulsifying drug delivery systems (S-SMEDDS) and supersaturable self-nanoemulsifying drug delivery systems (S-SNEDDS), which are formed with microemulsions and nanoemulsions, respectively, have emerged as vital strategies. For S-SMEDDS of indirubin, the high supersaturation degree after dilution can be maintained up to 2 h with a 0.5% level of PIs (PVP K17, HPMC or PEG4000). The in vivo pharmacokinetics in male rats showed that the bioavailability of the formulation with PVP K17 was increased by 30% compared to formulations without PVP K17 and increased several times more than HPMC or PEG4000 formulations (81) . In addition to the precipitation inhibition effect, the inclusion of HPMC E5LV in the S-SNEDDS can significantly reduce the excretion effect of P-glycoprotein and multi-resistant proteins to improve systemic exposure levels of the model drug ezetimibe (82, 83) . The S-SNEDDS formulation of trans-resveratrol (t-RVT) resulted in the formation of a nanoemulsion, and the pharmacokinetic study indicated that the AUC0-8h of the S-SNEDDS formulation increased by nearly 1.33-fold in the presence of the precipitation inhibitor HPMC (84) .
Stability is a problem to scale up liquid SEDDS formulations. Transforming the liquid SEDDS into solid SEDDS using spray drying, spray congealing, adsorption onto solid carriers, melt granulation and hot-melt extrusion provides an alternative for the liquid formulations (4).
Non-inclusion complexes of cyclodextrins
Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6-8 dextrose units (α-, β-, and γ-cyclodextrins, respectively) joined through 1-4 C-C bonds, which form a structure with a lipophilic interior and hydrophilic exterior. Cyclodextrins can be used for the solubilization of poorly water-soluble drugs due to the inclusion effect by Vander Waals interaction, hydrogen bonding and charge transfer interactions (4, 85, 86) . However, cyclodextrins are also known to form non-inclusion complexes (87, 88) . It has been shown that both inclusion and non-inclusion complexes always coexist in saturated aqueous solutions (89, 90) . The hydroxy groups on the outer surface of the cyclodextrin molecule are able to form hydrogen bonds with other molecules, and cyclodextrins can, like non-cyclic oligosaccharides and polysaccharides, form water-soluble complexes with lipophilic water-insoluble compounds, that is, non-inclusion complexes (89, 91) . The process is shown in Fig.  4 . Moreover, the presence of the dextran backbone structure does not affect the stability of the β-CD/drug complex compared to native β-CD and commercially available derivatives (92) . Similar to the lipid formulations, the non-inclusion complexes of cyclodextrin always have a high drug/excipient ratio (93) .
The mechanism of precipitate inhibition of CD is also a "spring" and "parachute" model, which is a both a thermodynamic and dynamic process. On the one hand, CD can increase the apparent equilibrium solubility and thus reduce the degree of supersaturation. In addition, CD can increase the solvation effect of the drug molecules in the solution and can increase the activation energy of the desolvation effect in the process of crystal growth (87, 89) . Finally, cyclodextrin can act as a kosmotrope (order-maker), which is the non-inclusion mechanism, therefore leading to an increased concentration of free drug and uptake accordingly (94) . This process could explain why the value of the equilibrium constant for complex formation is sometimes concentration-dependent and why their numerical value is frequently dependent on the method applied (95) . This precipitation inhibition effect can be applied to improve bioavailability in vivo (94) .
Microenvironment pH-modified drug delivery systems
The microenvironment pH (pHM) could be described as a microscopic layer surrounding a solid particle in which the solid forms a saturated solution with the adsorbed water (96, 97) . pHM modifier technology, which involves adding an acidifier or alkalizer to formulations containing weakly basic or acidic drugs, respectively, was used extensively to improve the solubility, obtain pH independence, and achieve sustained drug release (98, 99) . Especially for weakly basic drugs, the use of acidic excipients enabled a more robust formulation less susceptible to variance in gastric pH, improved the observed variability, and achieved adequate exposure under high gastric pH conditions (100) .
With citric acid as the pHM modifier and the polymer PVP as the precipitation inhibitor, the supersaturated state of weakly basic GT0918 was maintained for at least 2 h without any aggregation and precipitation, and thus, the bioavailability was improved significantly, which was attributed to crystal growth inhibition of the polymer. Fig. 4 shows the color changes by the indicator bromophenol blue (changing range pH 2.8-4.6) for the pHM-SD tablets and the dissolution media at different times, which indicated that an acid environment inside of the tablet was generated (101) . To improve the in vitro drug release of weakly acidic AMG009, the alkalify agent was added to the HPMC K100LV matrix, and drug release was improved from less than 4% (5 h) to above 60%. Additionally, the HPMC K100LV in the sodium carbonate layer has an essential effect on alkalify agent leakage and pHM maintenance (102) . The mechanism of the pHM modification might be preventing or slowing the crystallization of the drug in the microenvironment that governs the dissolution of the drug from the solid dosage forms (103) .
Nanodrugs
Drug nanocrystals
According to the Noyes-Whitney equation, the smaller the particle size, the larger is the specific surface area. Therefore, reducing the particle size even to the nanoscale level can improve drug loading, in vitro dissolution and in vivo bioavailability (104) . In recent decades, nanocrystals have been widely investigated, and there are some products on the market that can be applied by oral, parenteral, pulmonary, dermal and ocular routes. The preparation methods of nanocrystals include the following: bottom-up method (such as anti-solvent precipitation and droplet controlled evaporation), top-down method (such as milling and homogenization) and the combined use of both methods (105, 106) . Reviews by Pawar describe the in vivo fate, targeting and applications in drug delivery of nanocrystal technology (107). Dalvi and Dave studied the nuclear dynamics of four drugs, namely itraconazole, griseofulvin, ibuprofen and sulfamethoxazole, with the anti-solvent precipitation method. The results showed that the drug nucleation rate increased significantly in the presence of the ultrasonic and the precipitation inhibitor HPMC. The reason is that the ultrasonic can improve the rate of diffusion, and HPMC can reduce the interfacial tension of the solid-liquid. Additionally, the lower the solubility of a drug, the easier it is to reduce the interfacial tension and thus to generate the drug particles at a sub-micron scale (108) . The incorporation of polyethylene glycol (PEG) or its methoxylated derivative (MPEG) as a stabilizer can produce smaller NPs with narrower particle size distribution and enhanced apparent solubility (109) .
It is well known that nanocrystals are thermodynamically and dynamically unstable systems, and the physical stability problem has been the bottleneck of their application and industrialization. The particle size of nanocrystals in aqueous suspensions may increase during placement due to the supersaturation and the recrystallization into larger particles, also known as Ostwald ripening. These processes ultimately lead to the viability of the formulations and the irreversible loss of formulation integrity (110) . To solve this problem, the solidification strategy may be the future development for nanocrystals (111) .
Drug nanoparticle complexes
The amorphous nanoparticle complex (nanoplex) prepared by electrostatic complexation of drug molecules with oppositely charged carriers (such as dextran sulfate or carrageenan) represents a promising bioavailability enhancement strategy for poorly soluble drugs owing to their high supersaturation generation ability and simple preparation (74) . Because the supersaturation of the amorphous nanoparticles in their aqueous suspension is always adversely affected after drying, only one adjuvant type is always ineffective in preserving the supersaturation. Therefore, the dual-adjuvant formulations (i.e., trehalose-HPMC and mannitol-HPMC) were used and proved to preserve the supersaturation generation ability after drying effectively (112) .
In addition, a novel porous hollow fiber (Nylon-6) using an antisolvent crystallization method was reported to generate polymer-coated drug crystals. During this process, the drug Griseofulvin crystals are formed first and serve as nuclei for the precipitation of the polymer Eudragit RL100, which forms a thin coating around the GF crystals (113) .
Supersaturated liposomes
In recent years, liposomes have been attractive delivery systems in many fields, especially in cancer therapy because of their potential in targeting therapy. To lower the dosage and consequently reduce the toxicity, high drug loading is likely to be necessary (114, 115) . Liposomal drug loading can be achieved by either passive or active methods. Active loading, which is driven by a pH or potential gradient, has been proven to be more effective for achieving higher drug-to-lipid ratios compared to passive loading and is thus widely used for some weakly acidic or basic drugs (116) . However, for some poorly water-soluble drugs, low solubility and the resulting low concentration gradient may cause insufficient driving force and a limited role in drug loading improvement. To enhance drug-to-lipid ratios for poorly soluble drugs, a novel method based on supersaturation using a small amount of cyclodextrin as the precipitation inhibitor for active drug loading was reported by Modi. The supersaturated solution of active drug AR-67 (camptothecin analog) was maintained for 48 h and was used to load the drug. The drug-loading was improved (drug/lipids ratio, 0.17), and the influence of the internal phase by calcium acetate or sodium acetate was small (117) . The mechanism is shown in Fig. 6 .
A novel drug-in-cyclodextrin-in-liposomes was prepared using the passive drug-loading method of thin film hydration to increase the bioavailability of the poorly soluble flurbiprofen by increasing the dissolved drug amount. The flurbiprofen cyclodextrin complexes were first prepared and then entrapped in the internal aqueous phase rather than the external bilayer of the liposomes. Entrapment of FP-HP-β-CD into the liposomes did change the Tmax and improve the Cmax and bioavailability (118) . 
Novel drug carrier materials
Ordered mesoporous silica
According to the definition of the international union of pure and applied chemistry (IUPAC), mesoporous refers to a hole between 2 ~ 50 nm. The adsorption of amorphous drugs on inorganic mesoporous materials can maintain the stability of the amorphous state due to the "finite -size effect". That is, when the size of the pore is reduced to the molecular level, the characteristics of the solid will change greatly (119) . In the past decade, synthesis and application of mesoporous silica have received intensive attention due to their highly ordered structures, larger pore sizes, and high surface areas (120, 121) Ordered mesoporous silica (OMS) can be effectively used to generate and maintain supersaturation in the gastrointestinal tract for pH-independent release and systemic exposure improvement (27, 122). Additionally, if poorly soluble drugs can be confined in the pores of a carrier, the drug can not only be delivered at the site of absorption but also be targeted to a specific site while being saved from any unwarranted degradation (4). The commonly used OMS include SBA-15, MCM-41, FSM-16 (123) .The surface area and pore size of the mesoporous silica is important for biotechnological and biomedical applications. Under sink conditions, the larger the pore is, the faster the drug release, whereas in biorelevant media, the degree of supersaturation and maintenance time increase with the increase in the pore size. In vivo pharmacokinetic results show that the larger the pore, the lower is the bioavailability. The reason is the slower drug release, the later the supersaturation is generated, which is beneficial for drug absorption (122) .
For drug delivery based on OMS, several investigations using organic modified mesoporous silica have been reported. To promote the in vitro dissolution of the drug, HPMC and HPMCAS are commonly used as precipitation inhibitors with SBA-15 as the carrier material. Although HPMCAS can maintain drug supersaturation in intestinal fluid, the improvement of HPMCAS in vivo absorption is limited compared to HPMC due to its insolubility in the stomach (124) .
The bioactivity of mesoporous silica material-based drug systems is an important factor for its potential application. The interactions between the OMS and physiological fluids are influenced by the chemical groups of the OMS (125) . The mesoporous silica MCM-48, MCM-41, and SBA-15 are reported to be bioactive materials for the drug delivery system. However, the biocompatibility is not very strong. Modification of silica with phosphorous material or active components such as hydroxyapatite will significantly improve its biocompatibility (121, 126) .
Other porous materials
Other porous materials are also reported to be drug carriers. The CapsMorph® technology prepares amorphous drugs for oral delivery by encapsulating them in porous materials (AEROPERL® 300 Pharma). The drug-loaded porous materials provide better formulations compared to nanocrystals for poorly soluble drugs (127) .
A Soluplus-coated colloidal silica nanomatrix (SCCSN) was also used for the entrapment of poorly water-soluble drugs. The maximum supersaturation of the drug-loaded nanomatrix was higher than that of a physical mixture as indicated by the results of in vitro kinetic solubility studies (128) .
CONCLUSION
In recent years, because of its role in the bioavailability improvement effect of poorly water-soluble drugs, strategies based on supersaturation have attracted increasing attention such that some products are now on the market (129). Of the above mentioned strategies, solid dispersions have been most extensively studied and are relatively easy to scale up. The liquid formulations, such as supersaturated self-emulsifying drug delivery systems, cyclodextrin complexes, liposomes and nanodrugs, are more or less faced with a stability problem and are limited in further application. Drug carrier materials provide a promising strategy to deliver the drug to the target, but other hurdles will need to be considered including the biocompatibility, toxicity, and functionality before this strategy can be applied as a real alternative in the pharmaceutical industry. The oral formulation design of poorly water-soluble drugs is affected by the following aspects: the introduction of novel experimental design methods such as "Formulation by design" methodology (130) and further understanding of the supersaturation mechanism. 
